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September 25, 2017
Dear Editor:
I respectfully submit the revised research paper titled “Economic viability of the national-scale 
forestation program: The case of success in the Republic of Korea” to be considered for 
publication in Ecosystem Services.
The forests in the Republic of Korea successfully recovered through the national forestation 
program as did the forest ecosystem services. Investigation on the economic viability of the 
national forestation program in the long-term can provide a scientific rationale for implementation 
of extensive forestation in other countries, which are suffering from severe deforestation. 
Accordingly, we evaluated the economic viability of the forestation program during four decades 
at the national scale. The changes in ecosystem benefits and monetary costs were estimated by 
biophysical and economical approaches with statistical data and simulation models. 
We have revised the manuscript in accordance with the reviewers’ comments and also prepared 
the responses to the comments. All the co-authors have seen and agreed with the contents of the 
revised manuscript and the responses to the reviewers. We certify that this paper is only submitted 
to Ecosystem Services for publication. Thank you very much for your time and consideration. 
Sincerely, 
Yowhan Son, Ph.D.
Professor of Korea University
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Reviewer 1
We appreciate your review of our manuscript. We have prepared responses to your comments 
and have revised our manuscript in accordance with these comments. Revisions to our 
manuscript are indicated in red font. We hope that our revised manuscript is now suitable for 
publication in Ecosystem Services.
[Comment 1]
Using GDP deflation factors, instead of CPI, to convert all values to 2010 buying power. 
▶Response: We appreciate your comment. The GDP deflator has been applied instead of the 
consumer price index. Consequently all the estimates of benefit and cost have been also 
revised throughout the manuscript.
[Comment 2]
Compare the ecological economic characteristics among different types of forests, and 
restoration or management modes, for some specific results and suggestions for practice.
▶Response: We appreciate your comment. Unfortunately, most of the ecosystem services in 
our study did not change by forest type and species. In particular, land cover (forest or not) 
was the main factor in determining ecosystem services by disaster risk reduction, soil erosion 
control, and water yield enhancement. Information on restoration and management regimen 
did not exist at a spatially differentiated level. However, fast-growing needle-leaved species 
(Pinus spp. and Larix kaempferi) were mainly planted during the forestation process. 
Accordingly, we have addressed it in the section of “4.3. Implications” as follows (Page 15 
Lines 379–382):
“Meanwhile, the choice of plant species also had an ecological aspect. Fast-growing species 
(Pinus spp. and Larix kaempferi), surviving well in infertile environments, were mainly 
planted on the degraded lands during the national forestation program. The ecological 
characteristics of the species rather than their economic use improved the probability of 
success in the forestation program.”
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Reviewer 2
We appreciate your review of our manuscript. In particular, the comments on methodologies 
were helpful in improving the quality of our manuscript. We have prepared responses to your 
comments and have revised our manuscript in accordance with these comments. Revisions to 
our manuscript are indicated in red font. We hope that our revised manuscript is now suitable 
for publication in Ecosystem Services.
[Comment 1]
Calculating the monetary benefits of ecosystem restoration, in this case afforestation, is an 
important topic. Your results show that in the Korean context it was highly beneficial with a 
NPV of 40 billion US$ and a B/C ratio of 7.5. However, many assumptions were needed 
regarding methods and missing data, both on the cost side (eg. maintenance cost (400 
million/y) which you left out and which were much higher than the investment costs (255/y) 
AND on the benefit side (you only included 4 services). This in itself is not such a big 
problem but the assumptions, the missing data and the implications for the results need to be 
clearly explained. This is where the paper needs much work still before it can be published.
▶Response: We appreciate your comment. We added more explanations on assumptions, 
missing data, and implications of the results throughout our manuscript. Particularly, we 
revised the method of estimating the total cost on the forestation program by using the budget 
of Korea Forest Service, instead of the direct cost of the forestation. Using only the direct 
cost of the forestation does not consider the costs of the subsidiary measures for the 
forestation program and its management after the forestation. Accordingly, we have revised 
the section of “2.2. The investment on the national forestation program” as follows (Pages 4–
5 Lines 95–107):
“The monetary investment and annual costs of the forestation (1960–2010) was estimated by 
using the annual budget of Korea Forest Service (including plantation, protection, operation, 
research, and monitoring) in order to consider the cost of the initial as well as the subsidiary 
measures for the forestation program. The nominal value of annual investment on the 
forestation program was converted into a real value in 2010 Dollars by a combination of the 
purchasing power parity (PPP) exchange rate (Korean Won : US Dollar) and the gross 
domestic production (GDP) deflator, which were provided from World Bank. Finally, a 
constant real discount rate (i.e., net of inflation) of 3%, which is typical for forestry-type 
projects, was applied to this converted value in order to calculate the present value (PV) in 
2010 (Treasury, 2003; Valatin, 2010; Markandya, 2014). As the information on the budget is 
lacking before 1981, only the direct cost of the forestation was used during the period 1960–
1980. Owing to the lack of the statistical data during 1960–1972, the extrapolation was 
conducted by multiplying the annual planted area during 1960–1972 (65,089–454,903 ha; 
provided by Korea Forest Service) by unit cost of planting ($ ha-1) in 1973.” 
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In order to improve the implication for the benefit side, we have added the approximate 
portion of the other ecosystem services derived from the previous studies as follows (Pages 
13–14 Lines 337–342):
“These cultural and habitat ecosystem services can account for anything between 18–62% of 
the total ecosystem services (de Groot et al., 2012; Kim et al., 2012). In particular, Kim et al. 
(2012) estimated that the annual benefit of these ecosystem services in the Republic of Korea 
to be up to 17 billion $ in 2008 (calculated with the PPP exchange rate). Not accounting for 
these services therefore means that our estimate might underestimate the total benefit of the 
forestation program.”
[Comment 2]
Also the methods used are insufficiently explained, e.g., the period over which the 
calculations were made is unclear (I assume 1970 – 2010). It is not clear how the PV was 
calculated (e.g. what discount rate was used; you do mention rather late in the paper (on page 
8) that you used 3% but without reference (only a statement that “this is typical for 
forestation projects”).
▶Response: Thank you for pointing out these issues. We clarified the period of calculation 
for each component (disaster risk reduction: 1971–2010, water yield enhancement: 1971–
2010, soil erosion control: 1971–2010, carbon sequestration: 1971–2010, and investment on 
the forestation: 1960–2010) throughout our manuscript. In addition, clear explanation on the 
calculation of present value (PV) was also provided to enhance understanding of potential 
readers. 
Meanwhile, the 3% discount rate is based on rates applied to long gestation projects such as 
the forestry ones. The UK Forestry Commission review of discounting in forestry projects 
(Valatin, 2010) recommends the use of declining rates over time, following the guidance in 
the Treasury (2003). This guidance gives a value of 3.5% for costs and benefits over a period 
of 0–30 years, 3% for periods of 31–75 years and progressively decling rates thereafter. 
Given that this study is looking at costs and benefits over varying periods, with the longest 
being around 56 years (for carbon sequestration), a period of 3% seemed a reasonable 
approximation. We did not apply declining discount rates as in the UK recommendation as 
the time profile of the different benefits and costs were not always clear. In addition there are 
also some problems of time inconsistency with the use of decling rates (see Markandya (2014) 
for a discussion of these issues). Accordingly, we have provided the method of the 
calculation as follows:
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<Investment cost (Pages 4–5 Lines 95–107)>
“The monetary investment and annual costs of the forestation (1960–2010) was estimated by 
using the annual budget of Korea Forest Service (including plantation, protection, operation, 
research, and monitoring) in order to consider the cost of the initial as well as the subsidiary 
measures for the forestation program. The nominal value of annual investment on the 
forestation program was converted into a real value in 2010 Dollars by a combination of the 
purchasing power parity (PPP) exchange rate (Korean Won : US Dollar) and the gross 
domestic production (GDP) deflator, which were provided from World Bank. Finally, a 
constant real discount rate (i.e., net of inflation) of 3%, which is typical for forestry-type 
projects, was applied to this converted value in order to calculate the present value (PV) in 
2010 (Treasury, 2003; Valatin, 2010; Markandya, 2014). As the information on the budget is 
lacking before 1981, only the direct cost of the forestation was used during the period 1960–
1980. Owing to the lack of the statistical data during 1960–1972, the extrapolation was 
conducted by multiplying the annual planted area during 1960–1972 (65,089–454,903 ha; 
provided by Korea Forest Service) by unit cost of planting ($ ha-1) in 1973.”
<Benefit of carbon sequestration (Page 5 Lines 117–121)>
“Meanwhile, the annual monetary benefit of carbon sequestration (1971–2010) was estimated 
by multiplying the national carbon sequestration by the social cost of carbon (31 $ ton-1 CO2; 
US government, 2016). The annual benefit was then converted to US Dollar PV in 2010 by 
applying a discount rate of 3%, which was also used in the previous section.”
<Benefit of water yield enhancement (Page 6 Lines 137–142)>
“The annual benefit of water yield enhancement by the forestation (1971–2010) was 
estimated by multiplying the amount of annual water yield enhancement (the difference in 
water yield under the two scenarios) by the unit production cost of water (0.92 $ m-3; 
considering the PPP exchange rate in 2010), announced by the Ministry of Environment in 
the Republic of Korea. The annual benefit was then converted to US Dollar PV in 2010 by 
applying a discount rate of 3%.”
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<Benefit of soil erosion control (Page 6 Lines 156–163)>
“The annual benefit of soil erosion control by the forestation (1971–2010) was estimated by 
multiplying amount of soil erosion control (the difference in soil erosion under the two 
scenarios) by the unit construction cost for a soil erosion control dam as a replacement cost 
(9.70 $ m-3; Kim et al. (2012), considering the PPP exchange rate and GDP deflator for PV in 
2010). As the unit of soil erosion in the SWAT model is soil ton per hectare (ton ha-1), the 
mean soil bulk density in Korean forests (1.07 g cm-3; NIFoS, 2011) was divided to use that 
replacement cost. The annual benefit was then converted to US Dollar PV in 2010 by 
applying a discount rate of 3%.”
<Benefit of disaster risk reduction (Page 7 Lines 188–196)>
“The level of damages from these disasters can be affected by both climate (especially for 
mean annual precipitation (MAP)) and forestation. In order to partition the effects of climate 
change and forestation and to interpolate several missing statistical data during the several 
decades, a regression model was developed with the above statistical data set and multiple 
regression analysis was carried out (Table 1; SAS, 2014). Then, the annual contribution of 
the forestation on DRR (benefit of DRR; 1971–2010) was estimated by comparing the 
monetary losses from each disaster under the forestation and the no forestation scenarios, 
which was also conducted for the water yield enhancement and the soil erosion control 
contributions in the previous section. Finally, the estimated annual benefit of DRR was 
converted to US Dollar PV in 2010 by applying a discount rate of 3%.”
[Comment 3]
The monetary values of Water Yield and Erosion prevention are based on the replacement 
cost method (i.e. building dams). This is one of several options and it should be explained 
better why this one was chosen. Since you have data on the actual increase in water yield due 
to the afforestation program you can use, for example, the actual market value of the water. 
The construction cost for the hypothetical dam apparently are equivalent to 1.25$/m3 water; 
if you want to use this as proxy for the value of the water yield after afforestation shouldn’t 
you also add the maintenance costs of the dam? But, as I mentioned above I think it would 
have been better to use the market value of the increased water yield.
▶Response: We appreciate your suggestion. The production cost of water supply announced 
by the Korea Ministry of Environment (0.92 $ m-3; a proxy for the average charge for water 
and for its value in use), was alternatively applied to estimate the monetary value of water 
yield enhancement. The estimates on the benefit of water yield enhancement were also 
revised throughout our manuscript as follows (Page 6 Lines 137–142):
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“The annual benefit of water yield enhancement by the forestation (1971–2010) was 
estimated by multiplying the amount of annual water yield enhancement (the difference in 
water yield under the two scenarios) by the unit production cost of water (0.92 $ m-3; 
considering the PPP exchange rate in 2010), announced by the Ministry of Environment in 
the Republic of Korea. The annual benefit was then converted to US Dollar PV in 2010 by 
applying a discount rate of 3%.”
In the case of soil erosion control, the replacement cost method (erosion control dam (debris 
barrier)) had to be applied because there is no proper market value for forest soils.
[Comment 4]
Regarding benefits of DRR you also mention (reduced) fire risk but would more forest not 
lead to a higher fire risk?
▶Response: Thank you for pointing out the issue. As almost every forest fire occurs by 
carelessness of human in the Republic of Korea, probability of forest fire generally increased 
with increasing area of stocked forest area (personal communication with an expert in 
National Institute of Forest Science of Korea). The statistical analysis in the Table 1 also 
reflected this fact. 
Table 1. The multiple regression models of monetary loss by disasters. Monetary loss by 
disasters (million $ yr-1) = a × stocked forest area (1,000 ha) + b × mean annual precipitation 
(mm yr-1). The stocked forest area is defined as forest area, which actually contains stocking 
volume (Kim et al., 2017).
CoefficientDisasters
a b
r2
Landslide - 0.04*** 0.43
Flooding -0.21* 1.88*** 0.64
Forest fire 0.002** - 0.13
*: P < 0.10, **: P < 0.05, ***: P < 0.01.
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[Comment 5]
In Fig 3 the NPV is shown as a function of time but normally NPV is the total sum of costs 
and benefits discounted over a certain time period and just one number to compare different 
investments. In case this is not a mistake it needs to be explained more clearly what Fig 3 
shows.
▶Response: We thank you very much for this comment. The time variant NPV that we show 
is the discounted sum of costs and benefits up to that year. It then varies as the time period 
is extended. We added more explanations on the caption in terms of the NPV and BCR. In 
addition, the result of sensitivity analysis on these indicators was also provided as Figure 3c 
in accordance with the other reviewer’s suggestion. Finally, the Figure 3 and its caption were 
revised as follows:
Figure 3. The (a) net present value (NPV) and (b) benefit-cost ratio (BCR) of the forestation 
in the Republic of Korea from 1971 to 2010, and (c) the sensitivity analysis on these 
indicators in 2010. The NPV and BCR for each year were calculated by compiling the 
benefits and costs until the year. The final NPV and BCR were shown in 2010. The NPV and 
BCR for each year were calculated by compiling the benefits and costs until the year. The 
baselines of NPV and BCR were estimated at a discount rate of 3% in the sensitivity analysis. 
[Comment 6]
And what was the total reforested area that led to the 40 billion NPV?
▶Response: Thank you for your comment. As we have revised several methods for 
estimating the benefits and costs, the final NPV has changed. Consequently we provide the 
total reforested area on the sentence as follows (Page 11 Lines 269–271):
“Finally, considering all benefits the analysis exhibited a significant economic viability of the 
national forestation program in the long-term, showing a final NPV of 54,316 million $ in 
2010, through the restoration of approximately 5 million ha.”
8
[Comment 7]
Regarding the Investment costs you mention several periods on page 4 (last paragraph): 
1960-1972; 2001-2010; 1973-200. And simply say you “extrapolated investment costs by 
multiplying unit costs in 1973 and 2000 due to lack of statistical data”. This needs more 
detail.
▶Response: We appreciate your comment. We provided more explanations as follows (Page 
5 Lines 105–107):
“Owing to the lack of the statistical data during 1960–1972, the extrapolation was conducted 
by multiplying the annual planted area during 1960–1972 (65,089–454,903 ha; provided by 
Korea Forest Service) by unit cost of planting ($ ha-1) in 1973.” 
[Comment 8]
Also nowhere in the paper you make clear/explicit over what time period the final NPV was 
calculated. On page 5 you do mention 1971 was the baseline for the Carbon-calculations but 
it is not clear if this was also used for the final calculations.
▶Response: Thank you for your comment. The final NPV was calculated from 1960, when 
the forestation activity started, to 2010. However, we exhibited the final NPV from 1971 
because the estimations on benefits of ecosystem services by the forestation program were 
conducted from 1971. We clarified the time period of the final NPV in the Materials and 
Methods section as follows (Page 8 Lines 204–211):
“The economic viability of the forestation program was assessed by net present value (NPV) 
and benefit-cost ratio (BCR). In particular, the NPV and BCR for each ecosystem service and 
those for total ecosystem services were provided for the period 1960–2010. The NPV of the 
forestation program was estimated by summing the PV of the benefits from DRR and the 
other ecosystem functions minus sum of PV of cost. The BCR of the forestation program was 
simply calculated by ratio of the sum of these PV of the benefits and costs. However, we 
have provided these indicators only for the period 1971–2010 because the benefits of the 
ecosystem services were estimated only from 1971 due to the data availability.”
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[Comment 9]
All this missing information also reflects on the abstract which raises a lot of questions in its 
current form (it needs to be made more clear by including some of the above points).
▶Response: We also revised the Abstract in accordance with the response to the Comment 8 
as follows (Page 2 Lines 15–23):
“In this study, we estimated the changes in the key ecosystem services (disaster risk reduction 
(DRR), carbon sequestration, water yield enhancement, and soil erosion control; 1971–2010) 
and the monetary investment of the forestation (1960–2010) in the ROK, at a national scale. 
These benefits and costs were estimated by biophysical and monetary approaches, using 
statistical data from several public organizations, including the Korea Forest Service and the 
Korea Meteorological Administration, combined with model simulation. All monetary values 
were converted to the present value in 2010. The net present value and the benefit-cost ratio 
of the forestation program were 54,316 million $ and 5.84 in 2010, respectively, in the long-
term.”
[Comment 10]
“using statistical data”; probably the authors mean data from statistic bureaus.
▶Response: The sources of the statistical data were Korea Forest Service, Korea 
Meteorological Administration, and other institutes. We clarified sources of statistical data as 
follows (Page 2 Lines 18–21): 
“These benefits and costs were estimated by biophysical and monetary approaches, using 
statistical data from several public organizations, including the Korea Forest Service and the 
Korea Meteorological Administration, combined with model simulation.”
[Comment 11]
You use ‘forestation’ and ‘afforestation’ interchangeably which is not the same; also other 
terms are used (eg. forest rehabilitation (p. 3, line 57) -> check entire paper for consistent use 
of one term
▶Response: Thank you for your comment. We changed other terms into “forestation” 
throughout our manuscript.
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[Comment 12]
Formulate more precise; eg. on page 4, line 83 it is said that “The Korean forest cover is 
approx, 64% ...” ; I assume that is  ‘now’ but since this is a paper about afforestation it would 
be good to state that clearly
▶Response: Thank you for pointing out it. We clarified it as follows (Page 4 Lines 83–84):
“The study area was the Republic of Korea. The Korean forests covered approximately 64% 
of the Korean territory (6,368,843 ha) in 2010 (Korea Forest Service, 2016).”
[Comment 13]
The next sentence on the same page (page 4, line 83-84) has, in contrast, very precise 
numbers on precipitation which I think are not very relevant for this paper.
▶Response: We simplified these numbers as follows (Page 4 Lines 84–86):
“The mean annual temperature and precipitation were approximately 11–14°C and 800–1,900 
mm from 1905 to 2016, respectively (Korea Meteorological Administration 
(https://data.kma.go.kr/cmmn/main.do)).”
[Comment 14]
Be careful with using significant digits; eg. on page 9 line 226: 1,553.52 etc. And are these 
million $/yr?
▶Response: Thank you for your comment. These estimates were correctly provided. We 
already exhibited the unit of the all estimates at the beginning of each sentence as follows 
(Page 10 Lines 245–246):
“The annual benefit of DRR and carbon sequestration (million $ yr-1) increased over time up 
to 1,019 and 2,778 in 2010, with averages of 464 and 614 during 1971–2010, respectively.”
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[Comment 15]
Some sections can be shortened, eg, page 3 line 65-71.
▶Response: Thank you for your comment. We shortened the section as follows (Pages 3–4 
Lines 66–72):
“Monetary valuation directly links the ecosystems and the societies they serve, providing 
numerical measures of ecosystem services (Seppelt et al., 2011; Campbell and Tilley, 2014; 
Häyhä et al., 2015; Ruckelshaus et al., 2015). To be reliable and scientifically credible 
monetary valuation needs a strong basis of biophysical-based modeling, which can be based 
on look-up tables and simulation models (de Groot et al., 2010; Seppelt et al., 2011; Bagstad 
et al., 2013; Campbell and Tilley, 2014). Despite the data requirements and technical 
difficulties, biophysical methodologies can provide realistic estimates of forest ecosystem 
services (Seppelt et al., 2011; Baral et al., 2016).”
[Comment 16]
Fig 1 consist of 3 figures which are very small print -> better split
▶Response: Thank you for your comment. We improved the visibility of the Figure 1 rather 
than splitting as follows:
Figure 1. The biophysical output of (a) carbon sequestration, (b) water yield, and (c) soil 
erosion under the forestation and the no forestation scenarios. The net forestation effects were 
calculated by the differences in the projections of these two scenarios.
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Reviewer 3
We appreciate your review of our manuscript. The attachment, providing specific explanation 
on each comment, was also really helpful. The results and discussion have been highly 
improved by your comments. We have prepared responses to your comments and the 
attached file and have revised our manuscript in accordance with these comments. Revisions 
to our manuscript are indicated in red font. We hope that our revised manuscript is now 
suitable for publication in Ecosystem Services.
[Comment 1] & [PV1 and PV2 in the attachment]
Introduction section: Line 52-54, information on forest area counted in hectare and the 
increase of forest area should be provided
▶Response: We appreciate your comment. Statistical data on the total forest area did not 
show significant change due to the criteria of classifying land use (e.g., 6,415,419ha in 1952 
(before the Korean War) → 6,334,615 ha in 2015; Korea Forest Service, 2016). For this 
reason, it is impossible to show the magnitude of the deforestation throughout the history 
with the statistical data of forest area. Instead, the increase in mean stand volume (m3 ha-1) by 
the forestation program, which can also show the deforesatation and the following success in 
the forestation program quantitatively, were provided as follows (Page 3 Lines 54–57):
“The Korean government implemented the national forestation program from the 1960s and 
the Korean forests successfully recovered during the subsequent decades (Korea Forest 
Service, 2014; Park et al., 2017). Subsequently, the mean stand volume density (m3 ha-1) 
increased from 9.55 in 1960 to 145.99 in 2015 (Korea Forest Service, 2016).”
[Comment 2] & [PV3 in the attachment]
Materials and methods: I) should provide forest area in hectare and the year of publishing 
data
▶Response: We appreciate your comments. We added the information as follows (Page 4 
Lines 83–84):
“The study area was the Republic of Korea. The Korean forests cover approximately 64% of 
the Korean territory (6,368,843 ha) in 2010 (Korea Forest Service, 2016).”
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[Comment 3] & [PV3 in the attachment]
should provide information on soil type and forest management practices
▶Response: We appreciate your comments. We added the information as follows (Page 4 
Lines 88–90):
“The forest soils mainly consist of Entisol and Inceptisol in the Republic of Korea (Brady and 
Weil, 2008). The Korean forests have been mainly managed by tending work and protection.”
[Comment 4] & [PV4 in the attachment]
should provide total planted area and investment by 2 periods (1960-1972 & 2001-2010); 
▶Response: We appreciate your comments. The investment during these two periods did not 
exist, except for the planted area. The extrapolation of the direct cost of the forestation (e.g., 
planting and protecting) during the latter period was deleted in accordance with the response 
to another reviewer’s comment. We clarified the process of extrapolating the investment and 
provided the additional information during the period as follows (Page 5 Lines 105–107):
“Owing to the lack of the statistical data during 1960–1972, the extrapolation was conducted 
by multiplying the annual planted area during 1960–1972 (65,089–454,903 ha; provided by 
Korea Forest Service) by unit cost of planting ($ ha-1) in 1973.”
You also commented whether there was record of survival rate on the planting in the attached 
file. Unfortunately, we were not able to provide it because there is no data.
[Comment 5] & [PV5 and PV6 in the attachment]
provide explanation on using one unit costs for estimating environmental benefits (i.e. SC-
carbon, erosion etc.) for whole accounting periods; need to check the SC -carbon with SC-
carbon reported in technical report of Interagency Working Group on Social Cost of 
Greenhouse Gases, United States Government (2016) 
▶Response: We appreciate your suggestion. We applied the average of social cost of CO2 at 
discount rate of 3% (31 $ per metric ton CO2) in the reference. The explanation on estimating 
ecosystem service benefit of carbon sequestration was also revised as follows (Page 5 Lines 
117–121):
“Meanwhile, the annual monetary benefit of carbon sequestration (1971–2010) was estimated 
by multiplying the national carbon sequestration by the social cost of carbon (31 $ ton-1 CO2; 
US government, 2016). The annual benefit was then converted to US Dollar PV in 2010 by 
applying a discount rate of 3%, which was also used in the previous section.”
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You also commented that using the replacement cost of erosion control dam for estimating 
the benefit of soil erosion control needed to be changed. There were several options for 
preventing soil erosion (e.g., sodding, masonry, and other facilities). Although Korea Forest 
Service provided the table of quantity per unit for each option, standardizing costs of each 
option was difficult. The replacement cost of constructing a soil erosion control dam in our 
manuscript was the result of standardizing replacement cost, conducted by the National 
Institute of Forest Science in the Republic of Korea (Kim et al., 2012). In addition, there is no 
proper market value for forest soils, therefore, we have not changed the replacement cost.
[Comment 6] & [PV7 in the attachment]
consider to apply different practical options for discount rates for sensitivity analysis.
▶Response: We appreciate your suggestion. The sensitivity analysis was conducted on the 
final NPV and BCR in 2010, varying the discount rate (0–15%). The process of the 
sensitivity analysis were provided in the Materials and Methods section (2.5. Economic 
viability of the forestation program) as follows (Page 8 Lines 211–214):
“Furthermore, sensitivity analysis on the NPV and BCR in 2010 (at a discount rate of 3%) 
was also conducted, varying the discount rate (0–15%). The NPV and BCR by altering the 
discount rate were compared with these estimates at the rate of 3% and then their differences 
were provided as a unit of percentage.”
The results were provided as follows (Page 11 Lines 284–289):
“The sensitivity of the results to the discount rate showed the final NPV in 2010 to be 
sensitive to that parameter (Figure 3c). The NPV changed by 39.3% (discount rate = 0%) and 
by -59.9% (discount rate = 15%) from the NPV at a rate of 3% by varying the discount rate. 
Particularly, the NPV at the discount rate of 15% was 22 billion $, still showing an economic 
viability of the forestation program. Meanwhile, the BCR responded much less to the change 
in discount rate, showing only a small range of change (-7.3–1.6%). ”
Figure 3. The (a) net present value (NPV) and (b) benefit-cost ratio (BCR) of the forestation 
in the Republic of Korea from 1971 to 2010, and (c) the sensitivity analysis on these 
indicators in 2010. The NPV and BCR of each year were calculated by compiling the benefit 
and cost until the year. The final NPV and BCR were shown in 2010. The NPV and BCR for 
each year were calculated by compiling the benefits and costs until the year. The baselines of 
NPV and BCR were estimated at a discount rate of 3% in the sensitivity analysis.
15
We also added a discussion on the sensitivity analysis as follows (Page 14 Lines 348–357):
“Our study suggests that an extensive forestation program such as the one in the Republic of 
Korea is very beneficial, showing high economic viability in the long-term. This high 
economic viability contributes to sustainable development. Recovery of forests conserves 
forest ecosystems and generates economic benefits to society. In particular, these economic 
benefits do not give burden to ecosystems, compared to some conventional development 
policies. The result of sensitivity analysis also showed that the indicators of economic 
viability were positive for a wide range of discount rates. It implied that the long-term 
economic viability of forestation would be ensured regardless of view taken on the 
appropriate rate. Our estimate especially provides a valuable reference on successful 
forestation program for developing countries, which encounter conflicts on land-use of forest 
land between utilization and conservation (Mutoko et al., 2015).”
[Comment 7] & [PV8 in the attachment]
Results: I) section 4.1 should provide description of potential uncertainties (inputs data, 
method, qualitative assessment)
▶Response: We appreciate your comment. We addressed the potential uncertainties section 
as follows (Page 12 Lines 303–315):
“There are potential uncertainties in input data and analytic tools (biophysical ecosystem 
models and multiple regression model) for the biophysical assessment (Table 2). The 
biophysical models used for simulating carbon sequestration, soil erosion, and water yield, 
have been verified for the Republic of Korea in previous work (Lee et al., 2014; Kim et al., 
2017). These verifications limit the uncertainty in the biophysical models. The input data of 
these models was also considered to be reliable given the reliable sources they came from 
(authorized public organizations) and the high spatial resolution. Although the multiple 
regression models of the disaster damages were developed by the national statistics (Table 1), 
there were some sources of uncertainty: basis of assumptions and limitation on spatial 
projection. Despite these uncertainties, we consider these results to be generally reliable 
because the result of each component of ecosystem services (DRR, carbon sequestration, 
water yield, and soil erosion) was estimated with the most comprehensive statistical data and 
the verified simulation models for the Republic of Korea (Lee et al., 2014; Kim et al., 2017).”
16
Table 2. The source and level of uncertainty in the biophysical assessment.
Category Level of
uncertainty
Notes
Biophysical models
(carbon sequestration, 
soil erosion, water yield)
Low Verified models for the forests in the Republic 
of Korea (Lee et al., 2014; Kim et al., 2017)
Input data of the 
biophysical models
Low Derived from the reliable statistical data;
High quality of spatial resolution (1 km2)
Multiple regression model 
(disaster risk reduction)
Medium Derived from the reliable statistical data;
Based on several assumptions
Limitation on spatial projection
[Comment 8] & [PV11 in the attachment]
section 4.3, it would be good to discuss implication of integration of environmental services 
value in the national statistics (forest account) for policy option
▶Response: We appreciate your suggestion. We added a new paragraph in the section of “4.3. 
Implications” as follows (Page 14 Lines 358–364):
“Furthermore, our approach of quantifying ecosystem services at the temporal and spatial 
scales can also support the implementation of environmental policy. Many countries 
underestimate economic values of forest ecosystems, not internalizing these values, owing to 
a lack of quantitative assessments. This phenomenon disregards the role of forests among 
land-use types. Providing the methodological framework and the high economic value of 
forest ecosystems can integrate forest ecosystem services into decision-making processes, 
contributing to implementation of optimal land-use policy.”
Other comments in the attached file
Comment [PV9]
This is good and it shows numbers of ecosystem services are not captured since data 
unavailability. Therefore, it should state somewhere about the scope of this study in term of 
economic valuation of reforestation program.
▶Response: We appreciate your comment. We addressed the point as follows (Page 13 Lines 
328–330):
“In contrast, the benefits of the forestation program are underestimated because only four 
ecosystem services were included in this study due to the low data availability.”
17
Comment [PV10]
This value is important, is there any data for valuing this? Or there is no charge for recreation 
activities in the forests?
▶Response: We appreciate your comment. We added the information as follows (Pages 13–
14 Lines 337–342):
“These cultural and habitat ecosystem services can account for anything between 18–62% of 
the total ecosystem services (de Groot et al., 2012; Kim et al., 2012). In particular, Kim et al. 
(2012) estimated that the annual benefit of these ecosystem services in the Republic of Korea 
to be up to 17 billion $ in 2008 (calculated with the PPP exchange rate). Not accounting for 
these services therefore means that our estimate might underestimate the total benefit of the 
forestation program.”
Comment [PV12]
This is good, but how it would be calculated and integrated in the policy?
▶Response: Thank you for pointing out this issue. We have integrated them by using the 
annual budget of Korea Forest Service (1960–2010) in the revised manuscript.
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4  The net present value and benefit-cost ratio were 54,316 million $ and 5.84.
5  This economic viability was supported by additional measures for the forestation.
6  Extensive and early investment in forestation is recommended for other countries.
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12 Abstract
13 The forests in the Republic of Korea (ROK) successfully recovered through the national forestation 
14 program as did the ecosystem services associated with them. With this positive experience, it is 
15 instructive to investigate the economic viability of the forestation program. In this study, we estimated 
16 the changes in the key ecosystem services (disaster risk reduction (DRR), carbon sequestration, water 
17 yield enhancement, and soil erosion control; 1971–2010) and the monetary investment of the 
18 forestation (1960–2010) in the ROK, at a national scale. These benefits and costs were estimated by 
19 biophysical and monetary approaches, using statistical data from several public organizations, 
20 including the Korea Forest Service and the Korea Meteorological Administration, combined with 
21 model simulation. All monetary values were converted to the present value in 2010. The net present 
22 value and the benefit-cost ratio of the forestation program were 54,316 million $ and 5.84 in 2010, 
23 respectively, in the long-term. The break-even point of the extensive investment on the forestation 
24 appeared within two decades. In particular, the enhancements of DRR and carbon sequestration were 
25 substantial. This economic viability was ensured by the subsidiary implementations (e.g., participation 
26 of villagers, shifting energy source, and administrative regulation). Early and extensive investment in 
27 forestation is recommended for economic viability and successful implementation of the program. 
28 Our study is expected to provide a scientific rationale for implementing forestation program in other 
29 countries.
30
31 Highlights
32  The Republic of Korea (ROK) succeeded in its goal of national forestation.
33  The economic viability of the forestation program in the ROK was investigated.
34  The net present value and benefit-cost ratio were 54,316 million $ and 5.84.
35  This economic viability was supported by additional measures for the forestation.
36  Extensive and early investment in forestation is recommended for other countries.
37
38 Keywords: National forestation; Disaster risk reduction; Water yield; Soil erosion; Carbon 
39 sequestration; Economic viability
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41 Forest ecosystems can provide a substantial amount of ecosystem services, which consist of 
42 provisioning, regulating, habitat or supporting, and cultural services (TEEB, 2010). Global society has 
43 paid attention to these forest ecosystem services, which approximately account for 125–145 trillion 
44 US Dollar yr-1 (Costanza et al., 2014). Deforestation activities, however, have threatened the forest 
45 ecosystem services and conflicts of interest always exist between conservation and utilization 
46 (DeFries et al., 2010; TEEB, 2010; Mutoko et al., 2015). Given the substantial value of forest 
47 ecosystem services, forestation activities are potentially highly beneficial to human society. In this 
48 context, estimating the value of these services can aid in internalizing the benefits for forestation. The 
49 internalization might be also help to support ecosystem-based financing for environmental policies 
50 (de Groot et al., 2010; Campbell and Tilley, 2014; Baral et al., 2016). Thus, valuation of forestation 
51 through its ecosystem services is a timely topic for supporting the implementation of forest 
52 management policies.
53 The Republic of Korea experienced severe deforestation after the Korean War, when more 
54 than half of the forests were destroyed. The Korean government implemented the national forestation 
55 program from the 1960s and the Korean forests successfully recovered during the subsequent decades 
56 (Korea Forest Service, 2014; Park et al., 2017). Subsequently, the mean stand volume density (m3 ha-1) 
57 increased from 9.55 in 1960 to 145.99 in 2015 (Korea Forest Service, 2016). The success of the 
58 program is especially unique for the following reasons: 1) the Republic of Korea is one of only four 
59 countries which succeeded in post-war forest rehabilitation and 2) the Republic of Korea is the only 
60 developing country among these countries (the others being Germany, the UK and New Zealand, 
61 Gregersen, 1982). This positive experience of forestation can be instructive to examine which 
62 ecosystem services benefitted from the national forestation. In particular, assessing the economic 
63 viability of the national forestation program in the Republic of Korea can provide a reliable scientific 
64 rationale of forestation program in other countries where the forests have been suffered from 
65 deforestation.
66 Monetary valuation directly links the ecosystems and the societies they serve, providing 
67 numerical measures of ecosystem services (Seppelt et al., 2011; Campbell and Tilley, 2014; Häyhä et 
68 al., 2015; Ruckelshaus et al., 2015). To be reliable and scientifically credible monetary valuation 
69 needs a strong basis of biophysical-based modeling, which can be based on look-up tables and 
70 simulation models (de Groot et al., 2010; Seppelt et al., 2011; Bagstad et al., 2013; Campbell and 
71 Tilley, 2014). Despite the data requirements and technical difficulties, biophysical methodologies can 
72 provide realistic estimates of forest ecosystem services (Seppelt et al., 2011; Baral et al., 2016). 
73 In this study, we evaluate the changes in the ecosystem services (disaster risk reduction 
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74 (DRR), carbon sequestration, water yield enhancement, and soil erosion control) and the monetary 
75 investment and associated other costs of the national forestation program in the Republic of Korea. 
76 All ecosystem services (biophysical and monetary value) and the investments in the forestation 
77 program were estimated through a combination of statistical data and modeling approaches. 
78 Following on from that we determined the economic viability of the national forestation program, 
79 which can be crucial information to other countries in the world looking into forestation options.
80
81 2. Materials and Methods
82 2.1. Study area
83 The study area was the Republic of Korea. The Korean forests cover approximately 64% of 
84 the Korean territory (6,368,843 ha) in 2010 (Korea Forest Service, 2016). The mean annual 
85 temperature and precipitation from 1905 to 2016 were approximately 11–14°C and 800–1,900 mm, 
86 respectively (Korea Meteorological Administration (https://data.kma.go.kr/cmmn/main.do)). The 
87 forest types consist of coniferous forests (32.1%), deciduous forests (39.0%), and mixed forests 
88 (28.9%) (NIFoS, 2011). The forest soils mainly consist of Entisol and Inceptisol in the Republic of 
89 Korea (Brady and Weil, 2008). The Korean forests has been mainly managed by tending work and 
90 protection. The Korean forests have been mainly managed by tending work and protection. Most of 
91 the forests are located below the elevation of 600 m.a.s.l (NIFoS, 2011). The forest area with steep 
92 slope (> 30°) accounts for approximately a half of the total forest area (NIFoS, 2011).
93
94 2.2. The investment on the national forestation program
95 The monetary investment and annual costs of the forestation (1960–2010) was estimated by 
96 using the annual budget of Korea Forest Service (including plantation, protection, operation, research, 
97 and monitoring) in order to consider the cost of the initial as well as the subsidiary measures for the 
98 forestation program. The nominal value of annual investment on the forestation program was 
99 converted into a real value in 2010 Dollars by a combination of the purchasing power parity (PPP) 
100 exchange rate (Korean Won : US Dollar) and the gross domestic production (GDP) deflator, which 
101 were provided from World Bank. Finally, a constant real discount rate (i.e., net of inflation) of 3%, 
102 which is typical for forestry-type projects, was applied to this converted value in order to calculate the 
103 present value (PV) in 2010 (Treasury, 2003; Valatin, 2010; Markandya, 2014). As the information on 
104 the budget is lacking before 1981, only the direct cost of the forestation was used during the period 
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105 1960–1980. Owing to the lack of the statistical data during 1960–1972, the extrapolation was 
106 conducted by multiplying the annual planted area during 1960–1972 (65,089–454,903 ha; provided by 
107 Korea Forest Service) by unit cost of planting ($ ha-1) in 1973.
108
109 2.3. The benefit of carbon sequestration, water yield enhancement and soil erosion control with 
110 modeling approach
111 A Korean-specific forest carbon model, the Forest Biomass and Dead Organic Matter 
112 Carbon (FBDC) model, was developed to simulate annual carbon dynamics (Lee et al. 2014). This 
113 model already quantified the carbon dynamics in various forest ecosystems (Lee et al. 2014, 2016, 
114 2017). In particular, Lee et al. (2014) estimated annual total forest carbon stocks from 1954 to 2012 at 
115 a national scale with the FBDC model and these estimates and methodologies were also verified 
116 externally. Accordingly, the modeling methodologies in Lee et al. (2014) were directly used to 
117 simulate the annual carbon sequestration at a national scale in this study. Meanwhile, the annual 
118 monetary benefit of carbon sequestration (1971–2010) was estimated by multiplying the national 
119 carbon sequestration by the social cost of carbon (31 $ ton-1 CO2; US government, 2016). The annual 
120 benefit was then converted to US Dollar PV in 2010 by applying a discount rate of 3%, which was 
121 also used in the previous section. Then the benefits in 1971 (baseline) were subtracted from the annual 
122 benefits during 1971–2010 to partition the net effect of forestation on enhancement of carbon 
123 sequestration.
124 The Integrated Valuation of Ecosystem Services and Tradeoff (InVEST) model was applied 
125 to quantify ecosystem services in a spatial unit (Sharp et al., 2015). In particular, the InVEST Water 
126 Yield (InVEST-WY) model is able to estimate annual amount of water supply by land cover (Song et 
127 al., 2015). InVEST-WY requires data on annual precipitation, potential evapotranspiration, depth-to-
128 root restricting layer, plant's available water content, land use and watersheds, and biophysical table. 
129 The seasonality factor should be also adjusted to study region. This parameterization process followed 
130 the methodologies in Kim et al. (2017), which already simulated the annual water yield in the 
131 Republic of Korea with the verified methodologies and model estimates.
132 Following this, the net effect of forestation on water yield enhancement was estimated by a 
133 comparison of annual model projections under two scenarios: a forestation scenario and a no 
134 forestation scenario. In the forestation scenario, the change in forest area through the forestation 
135 program and other factors were reflected. In contrast, the no forestation scenario excluded the change 
136 in forest area by the forestation program. The difference in water yield between these two scenarios 
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
6
137 was the net effect of the forestation on water yield enhancement. The annual benefit of water yield 
138 enhancement by the forestation (1971–2010) was estimated by multiplying the amount of annual 
139 water yield enhancement (the difference in water yield under the two scenarios) by the unit production 
140 cost of water (0.92 $ m-3; considering the PPP exchange rate in 2010), announced by the Ministry of 
141 Environment in the Republic of Korea. The annual benefit was then converted to US Dollar PV in 
142 2010 by applying a discount rate of 3%.
143 The Soil and Water Assessment Tool (SWAT) is a semi-distributed model and a 
144 hydrological model, which is able to simulate amount of soil erosion with a basis on hydrologic 
145 response unit (HRU) (Gassman et al., 2007). The Modified Universal Soil Loss Equation (MUSLE), a 
146 module of the SWAT model, was used to estimate soil erosion in the SWAT model. The MUSLE is 
147 widely used to simulate soil erosion around the world (William, 1975). It has an advantage in 
148 reflecting the energy flow of surface runoff. In this equation, factors such as rainfall, slope, vegetation, 
149 conservation management are required. In addition, digital elevation model (DEM), land cover, soil 
150 data, and weather data were used as input data for the simulation. This parameterization process 
151 followed the methodologies in Kim et al. (2017), which already simulated the annual soil erosion in 
152 the Republic of Korea with the verified methodologies and model estimates.
153 The net effect of the forestation on soil erosion control was then estimated by comparing 
154 annual model projections under two different scenarios (forestation scenario and no forestation 
155 scenario), which were identical to the case of water yield enhancement. The difference in soil erosion 
156 between these two scenarios was net effect of the forestation on soil erosion control. The annual 
157 benefit of soil erosion control by the forestation (1971–2010) was estimated by multiplying amount of 
158 soil erosion control (the difference in soil erosion under the two scenarios) by the unit construction 
159 cost for a soil erosion control dam as a replacement cost (9.70 $ m-3; Kim et al. (2012), considering 
160 the PPP exchange rate and GDP deflator for PV in 2010). As the unit of soil erosion in the SWAT 
161 model is soil ton per hectare (ton ha-1), the mean soil bulk density in Korean forests (1.07 g cm-3; 
162 NIFoS, 2011) was divided to use that replacement cost. The annual benefit was then converted to US 
163 Dollar PV in 2010 by applying a discount rate of 3%. As the unit of soil erosion in the SWAT model 
164 is soil ton per hectare (ton ha-1), the mean soil bulk density in Korean forests (1.07 g cm-3; NIFoS, 
165 2011) was divided to use that replacement cost. 
166 2.4. Benefits of DRR
167 The data of monetary damage from disasters (landslide, flooding and forest fire) were 
168 collected from various data sources. The Korea Forest Service provides data of forest area and 
169 casualties damaged by landslides from 1976 to 2010, except for 1983 and 1992. To obtain the costs of 
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170 recovery in individual years, unit cost of recovery from landslide in 2010 (≒ 0.11 million US Dollar 
171 ha-1; Korea Forest Service) was applied. By multiplying the estimated unit cost of recovery by 
172 damaged area from landslide, the annual monetary damage was estimated from 1976 to 2010. Then 
173 the annual damages of landslide were converted to monetary value in 2010 by using the GDP deflator 
174 and the PPP exchange rate.
175 The Water Resource Management Information System (WAMIS) of the Republic of Korea 
176 has the most comprehensive data of damage by flooding in the Republic of Korea from 1971 to 2010, 
177 except for 2007. The damages on human lives, area, and assets, such as buildings, ships, croplands, 
178 public infrastructures, are annually provided by at the regional scale. The monetary damage by 
179 flooding was directly calculated by summing the damages to assets. The annual damages by flooding 
180 were converted to monetary value in 2010 by using the GDP deflator and PPP exchange rate in each 
181 year. 
182 Meanwhile, the Statistical Yearbook of Forestry reported by Korea Forest Service, provides 
183 annual data of damaged area (1984–2010), volume (1968–2010), and monetary loss (1980–2010) by 
184 forest fire. The annual monetary loss was converted to monetary value in 2010 using the GDP deflator 
185 and the PPP exchange rate. Then, the monetary loss before 1979 was extrapolated by a regression 
186 model of the monetary loss with respect to damaged area, using the monetary value of these damages 
187 during 1980–2010.
188 The level of damages from these disasters can be affected by both climate (especially for 
189 mean annual precipitation (MAP)) and forestation. In order to partition the effects of climate change 
190 and forestation and to interpolate several missing statistical data during the several decades, a 
191 regression model was developed with the above statistical data set and multiple regression analysis 
192 was carried out (Table 1; SAS, 2014). Then, the annual contribution of the forestation on DRR 
193 (benefit of DRR; 1971–2010) was estimated by comparing the monetary losses from each disaster 
194 under the forestation and the no forestation scenarios, which was also conducted for the water yield 
195 enhancement and the soil erosion control contributions in the previous section. Finally, the estimated 
196 annual benefit of DRR was converted to US Dollar PV in 2010 by applying a discount rate of 3%.
197 Table 1. The multiple regression models of monetary loss by disasters. Monetary loss by disasters 
198 (million $ yr-1) = a × stocked forest area (1,000 ha) + b × mean annual precipitation (mm yr-1). The 
199 stocked forest area is defined as forest area, which actually contains stocking volume (Kim et al., 
200 2017).
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CoefficientDisasters
a b
r2
Landslide - 0.04*** 0.43
Flooding -0.21* 1.88*** 0.64
Forest fire 0.002** - 0.13
201 *: P < 0.10, **: P < 0.05, ***: P < 0.01.
202
203 2.5. Economic viability of the forestation program
204 The economic viability of the forestation program was assessed by net present value (NPV) 
205 and benefit-cost ratio (BCR). In particular, the NPV and BCR for each ecosystem service and those 
206 for total ecosystem services were provided for the period 1960–2010. The NPV of the forestation 
207 program was estimated by summing the PV of the benefits from DRR and the other ecosystem 
208 functions minus sum of PV of cost. The BCR of the forestation program was simply calculated by 
209 ratio of the sum of these PV of the benefits and costs. However, we have provided these indicators 
210 only for the period 1971–2010 because the benefits of the ecosystem services were estimated only 
211 from 1971 due to the data availability. Furthermore, sensitivity analysis on the NPV and BCR in 2010 
212 (at a discount rate of 3%) was also conducted, varying the discount rate (0–15%). The NPV and BCR 
213 by altering the discount rate were compared with these estimates at the rate of 3% and then their 
214 differences were provided in percentage terms.
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215 3. Results
216 3.1. The biophysical changes in carbon sequestration, water yield, and soil erosion
217 The biophysical assessments to carbon sequestration, water yield, and soil erosion showed 
218 that scenario comparison had an advantage in partitioning the net effect of the forestation on 
219 ecosystem services (Figure 1). The carbon sequestration (Tg CO2 yr-1) significantly increased with 
220 time due to the maturity of the forests (P < 0.05), increasing from -1.69 in 1971 to 93.98 in 2010 
221 under the forestation scenario (Figure 1a). The net effect of the forestation on carbon sequestration 
222 was estimated by subtracting the projection of the no forestation scenario (-1.69 Tg CO2 yr-1) from the 
223 projection of the forestation scenario. Accordingly, the net effect of the forestation also increased with 
224 time, up to 95.67 Tg CO2 yr-1 in 2010. 
225 In contrast, water yield did not show a significant trend with time passage under the 
226 forestation scenario (P > 0.05) while the net effect of forestation was partitioned (Figure 1b). The 
227 water yield (million m-3 yr-1) ranged from 340.63 to 4,860.37 with an average of 1,759.75 under the 
228 forestation scenario. The no forestation scenario exhibited the water yield with a range of 591.35–
229 1,106.88 million m-3 yr-1. The net effect of the forestation on water yield enhancement showed a 
230 gradual increase with time passage (11.01–521.54 million m-3 yr-1).
231 Meanwhile, soil erosion (million m-3 yr-1) decreased with time (P < 0.05) from 23.9 in 1971 
232 to 3.96 in 2010 under the forestation scenario (Figure 1c). There was also a substantial annual 
233 variation due to the sensitivity of soil erosion to climate (e.g., precipitation). By comparing the 
234 projection of the forestation with the no forestation scenario, the net effect of the forestation (million 
235 m-3 yr-1) was estimated, ranging from 0.07 to 3.39.
236
237 Figure 1. The biophysical output of (a) carbon sequestration, (b) water yield, and (c) soil erosion 
238 under the forestation and the no forestation scenarios. The net forestation effects were calculated by 
239 the differences in the projections of these two scenarios.
240 3.2. The annual benefit of ecosystem services by forestation and the annual investment on 
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241 forestation
242 The annual monetary benefit of each ecosystem service by the forestation surpassed the 
243 investment on the forestation program in the long-term (Figure 2). In particular, the benefits of DRR 
244 and carbon sequestration accounted for most of the enhanced ecosystem services by the forestation 
245 program. The annual benefits of DRR and carbon sequestration (million $ yr-1) increased over time up 
246 to 1,019 and 2,778 in 2010, with averages of 464 and 614 during 1971–2010, respectively.  The 
247 other ecosystem services, water yield and soil erosion control also increased as a result of the 
248 forestation program. The annual benefit of water yield enhancement and soil erosion control (million 
249 $ yr-1) increased over time up to 263 and 278 in 2010, with the averages of 107 and 152 during 1971–
250 2010, respectively. Finally, the annual benefits (million $ yr-1) of DRR, carbon sequestration, water 
251 yield enhancement, and soil erosion control were 1,019 (23.5% of the total), 2,778 (64.0%), 263 
252 (6.1%), and 278 (6.4%) in 2010, respectively.
253 Meanwhile, the annual investment on the forestation program was 220 million $ yr-1 on 
254 average from 1960 to 2010 (Figure 2). The investment started increasing after the start of the 
255 forestation from 1970s. Particularly, the investment was especially concentrated after 2000, the time 
256 after the success of the national forestation program in the Republic of Korea, with the average of 647 
257 million $ yr-1.
258
259 Figure 2. The annual benefit of the enhanced ecosystem services by the forestation and the annual 
260 monetary investment on the forestation. All monetary values were converted into present monetary 
261 values in 2010 US Dollars.
262 3.3. Total economic assessment
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263 The NPV of each ecosystem service showed that consideration of diverse ecosystem services 
264 demonstrates the economic viability of the national forestation program in the long-term (Figure 3a). 
265 The forestation program was economically viable with DRR or carbon sequestration (NPV > 0) alone, 
266 generating more than 7,000 million $ NPV for each in 2010. The break-even point appeared in 1987 
267 and 1988 for DRR and carbon sequestration, respectively. In contrast, considering only water yield 
268 enhancement and soil erosion control cannot establish the economic viability of the forestation 
269 program (NPV < 0). Finally, considering all benefits the analysis exhibited a significant economic 
270 viability of the national forestation program in the long-term, showing a final NPV of 54,316 million 
271 $ in 2010, through the restoration of approximately 5 million ha.
272 The benefit of DRR, carbon sequestration, water yield enhancement, and soil erosion control 
273 among the total NPV in 2010 accounted for 28.3%, 6.6%, 9.3%, and 55.8%, respectively. In addition, 
274 the consideration of all benefits shortened the break-even point of the forestation program (in 1981), 
275 which was earlier than the cases of considering only carbon sequestration and DRR.
276 The BCR of the forestation program ranged from 0.38 to 5.84 in the long-term, varying with 
277 the number of considered ecosystem services (Figure 3b). The case of considering only the benefit of 
278 soil erosion control showed lowest BCR, less than 0.47 during the decades. With consideration of all 
279 the benefits, the BCR increased from 0.07 in 1972 to 5.84 in 2010, showing a high economic viability 
280 of the forestation program. In particular, the BCR for DRR, carbon sequestration, water yield 
281 enhancement, and soil erosion control were 1.66, 0.38, 0.54, and 3.26 in 2010, respectively. 
282 Consequently, the BCR of the national forestation program would place in the range of those 
283 minimum and maximum of the BCR in accordance with combination of the ecosystem services.
284 The sensitivity of the results to the discount rate showed the final NPV in 2010 to be 
285 sensitive to that parameter (Figure 3c). The NPV changed by 39.3% (discount rate = 0%) and by -59.9% 
286 (discount rate = 15%) from the NPV at a rate of 3% by varying the discount rate. Particularly, the 
287 NPV at the discount rate of 15% was 22 billion $, still showing an economic viability of the 
288 forestation program. Meanwhile, the BCR responded much less to the change in discount rate, 
289 showing only a small range of change (-7.3–1.6%).  
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290
291 Figure 3. The (a) net present value (NPV) and (b) benefit-cost ratio (BCR) of the forestation in the 
292 Republic of Korea from 1971 to 2010, and (c) the sensitivity analysis on these indicators in 2010. The 
293 NPV and BCR for each year were calculated by compiling the benefits and costs until the year. The 
294 final NPV and BCR were shown in 2010. The NPV and BCR for each year were calculated by 
295 compiling the benefits and costs until the year. The baselines of NPV and BCR were estimated at a 
296 discount rate of 3% in the sensitivity analysis.
297
298 4. Discussion
299 4.1. Reliability of the biophysical and economic assessment
300 This study investigated the biophysical and economic impacts of the national forestation 
301 program in the Republic of Korea. The program was found to be economically viable in the long-term. 
302 The break-even point, where the investment on the forestation started being economically viable, 
303 appeared within a decade of the start of the extensive program during the 1970s. There are potential 
304 uncertainties in input data and analytic tools (biophysical ecosystem models and multiple regression 
305 model) for the biophysical assessment (Table 2). The biophysical models used for simulating carbon 
306 sequestration, soil erosion, and water yield, have been verified for the Republic of Korea in previous 
307 work (Lee et al., 2014; Kim et al., 2017). These verifications limit the uncertainty in the biophysical 
308 models. The input data of these models was also considered to be reliable given the reliable sources 
309 they came from (authorized public organizations) and the high spatial resolution. Although the 
310 multiple regression models of the disaster damages were developed by the national statistics (Table 1), 
311 there were some sources of uncertainty: basis of assumptions and limitation on spatial projection. 
312 Despite these uncertainties, we consider these results to be generally reliable because the result of 
313 each component of ecosystem services (DRR, carbon sequestration, water yield, and soil erosion) was 
314 estimated with the most comprehensive statistical data and the verified simulation models for the 
315 Republic of Korea (Lee et al., 2014; Kim et al., 2017). Furthermore, the estimate of each component 
316 had scientific significance in terms of spatial and temporal scales. Most studies, investigating these 
317 ecosystem services in the planted forests, were conducted at regional spatial scale and short (< 10 
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318 years) temporal scale (Schilling et al., 2008; Bangash et al., 2013; Yoo et al. 2013; Boithias et al., 
319 2014; Shreve and Kelman, 2014; Song et al., 2015; Daigneault et al., 2016; Lotz et al., 2017). This 
320 study was conducted at the national scale for four decades. Accordingly, our estimates could provide a 
321 scientific basis for the long-term national strategy on environmental policies in other countries.
322 Table 2. The source and level of uncertainty in the biophysical assessment.
Category Level of
uncertainty
Notes
Biophysical models
(carbon sequestration, 
soil erosion, water yield)
Low Verified models for the forests in the Republic of 
Korea (Lee et al., 2014; Kim et al., 2017)
Input data of the biophysical 
models
Low Derived from the reliable statistical data;
High quality of spatial resolution (1 km2)
Multiple regression model 
(disaster risk reduction)
Medium Derived from the reliable statistical data;
Based on several assumptions
Limitation on spatial projection
323
324 4.2. Uncertainty in the economic assessment
325 There were some uncertainties in the economic assessment to the national forestation 
326 program in the Republic of Korea. In particular, the cost of the forestation might be overestimated 
327 because the annual budget of Korea Forest Service was used as the cost of the forestation. As the total 
328 annual budget was often provided without details, we could not exclude unrelated expenditure. In 
329 contrast, the benefits of the forestation program were underestimated because only four ecosystem 
330 services were included in this study due to the low data availability. In this study, DRR, carbon 
331 sequestration, water yield enhancement and soil erosion control were considered as the benefit of the 
332 forestation program while there were other potential benefits. These are components of provisioning 
333 and regulating services of forests, but other ecosystem functions in these categories of ecosystem 
334 services (e.g., raw materials, medicinal resources, air quality regulation and waste water treatment; 
335 TEEB, 2010) were not considered in this study due to the lack of data over the period. Habitat or 
336 supporting services (e.g., biodiversity and habitats for species) and cultural services (e.g., recreation, 
337 tourism) are also components of ecosystem services (TEEB, 2010). These cultural and habitat 
338 ecosystem services can account for anything between 18–62% of the total ecosystem services (de 
339 Groot et al., 2012; Kim et al., 2012). In particular, Kim et al. (2012) estimated that the annual benefit 
340 of these ecosystem services in the Republic of Korea to be up to 17 billion $ in 2008 (calculated with 
341 the PPP exchange rate). Not accounting for these services therefore means that our estimate might 
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342 underestimate the total benefit of the forestation program. Although these benefits of the national 
343 forestation program seemed to be underestimated, the cost of the forestation was also overestimated. 
344 It implied the higher NPV and BCR of the forestation. Accordingly, the economic viability of the 
345 national forestation program is still ensured in the long-term regardless of uncertainty.
346
347 4.3. Implications
348 Our study suggests that an extensive forestation program such as the one in the Republic of Korea is 
349 very beneficial, showing high economic viability in the long-term. This high economic viability 
350 contributes to sustainable development. Recovery of forests conserves forest ecosystems and 
351 generates economic benefits to society. In particular, these economic benefits do not give burden to 
352 ecosystems, compared to some conventional development policies. The result of sensitivity analysis 
353 also showed that the indicators of economic viability were positive for a wide range of discount rates. 
354 It implied that the long-term economic viability of forestation would be ensured regardless of view 
355 taken on the appropriate rate.  Our estimate especially provides a valuable reference on successful 
356 forestation program for developing countries, which encounter conflicts on land-use of forest land 
357 between utilization and conservation (Mutoko et al., 2015). 
358 Furthermore, our approach of quantifying ecosystem services at the temporal and spatial 
359 scales can also support the implementation of environmental policy. Many countries underestimate 
360 economic values of forest ecosystems, not internalizing these values, owing to a lack of quantitative 
361 assessments. This phenomenon disregards the role of forests among land-use types. Providing the 
362 methodological framework and the high economic value of forest ecosystems can integrate forest 
363 ecosystem services into decision-making processes, contributing to implementation of optimal land-
364 use policy.
365 Despite this high economic viability, just planting trees did not guarantee success of 
366 forestation. Illegal logging, slash-and-burn cultivation, and fuel wood demand, which are still 
367 encountered by many developing countries, also threatened the forestation program in the Republic of 
368 Korea at that time (NIFoS, 2010).  To address these pressures, a successful forestation program 
369 needs to increase the welfare of villagers because poverty often leads to deforestation (Arevalo, 2016). 
370 In the case of the Republic of Korea, villagers also participated in managing nurseries, planting 
371 seedlings, and managing the planted area, supported from the governmental budget, during the 
372 forestation program in the Republic of Korea (NIFoS, 2010). In addition to strict regulation on illegal 
373 logging and slash-and-burn cultivation, the shift to other energy sources was subsidized to decrease in 
374 demand on forest wood resource (NIFoS, 2010). Lastly, after the forestation, consistent management 
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375 is required to maintain the forested area. In fact, the budget for tending work of Korea Forest Service 
376 is one of the largest items recently in the Republic of Korea (from announcement by Korea Forest 
377 Service).To maximize the probability of success in forestation, other countries need to consider these 
378 secondary factors.
379 Meanwhile, the choice of plant species also had an ecological aspect. Fast-growing species 
380 (Pinus spp. and Larix kaempferi), surviving well in infertile environments, were mainly planted on the 
381 degraded lands during the national forestation program. The ecological characteristics of the species 
382 rather than their economic use improved the probability of success in the forestation program.
383 The case of the forestation program in the Republic of Korea also suggested that extensive 
384 and early investment is advantageous. The budget on the forestation in the Republic of Korea already 
385 had been invested before the 1970s. However, the monetary loss by disasters was still substantial and 
386 the forest carbon sequestration did not work effectively in spite of two main forestation program 
387 before 1970s. With the support of the above subsidiary factors, the extensive investment on the 
388 forestation started working and, as a result, the earlier investment started generating returns sooner 
389 than they otherwise would have. In addition it is important to remember that the benefits of ecosystem 
390 services by investment on forestation are consistently generated in the long-term. Accordingly, one 
391 must allow some time for these benefits to be realized.
392
393 5. Conclusion
394 The national forestation program in the Republic of Korea was economically viable in the 
395 long-term. DRR and carbon sequestration were especially enhanced by the forestation. This economic 
396 viability was guaranteed by the support from several subsidiary policy actions and early and extensive 
397 investment at that period. Our result, demonstrating the economic viability of extensive forestation 
398 program, can contribute to implementation of forestation for decision-makers in other countries.
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Table 1. The multiple regression models of monetary loss by disasters. Monetary loss by disasters 
(million $ yr-1) = a × stocked forest area (1,000 ha) + b × mean annual precipitation (mm yr-1). The 
stocked forest area is defined as forest area, which actually contains stocking volume (Kim et al., 
2017).
CoefficientDisasters
a b
r2
Landslide - 0.04*** 0.43
Flooding -0.21* 1.88*** 0.64
Forest fire 0.002** - 0.13
*: P < 0.10, **: P < 0.05, ***: P < 0.01.
Table 2. The source and level of uncertainty in the biophysical assessment.
Category Level of
uncertainty
Notes
Biophysical models
(carbon sequestration, 
soil erosion, water yield)
Low Verified models for the forests in the Republic of 
Korea (Lee et al., 2014; Kim et al., 2017)
Input data of the biophysical 
models
Low Derived from the reliable statistical data;
High quality of spatial resolution (1 km2)
Multiple regression model 
(disaster risk reduction)
Medium Derived from the reliable statistical data;
Based on several assumptions
Limitation on spatial projection
